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Abstract: Polynitrogen (PN) chain was predicted theoretically to be stable at ambient
pressure by intercalating in multiple graphene layers. In this work, polynitrogen (Ng°)
deposited on boron-doped graphene (PN-BG) and graphene (PN-G) was synthesized
experimentally by a facile cyclic voltammetry (CV) method. It was further used for oxygen
reduction reaction (ORR), which showed superior activity via a four-electron pathway
mechanism. BG was prepared by a one-pot hydrothermal method. Characterizations over
BG substrate, including X-ray photoelectron spectroscopy (XPS), Raman, Brunauer-
Emmett-Teller (BET), scanning electron microscope (SEM), and transmission electron
microscopy (TEM), demonstrated that boron atoms were successfully doped into graphene
matrix. The formation of polynitrogen (Ng’) on BG were confirmed by attenuated total
reflection Fourier transform infrared spectroscopy (ATR-FTIR) and temperature-
programmed desorption (TPD). A larger amount of Ng~ was obtained on boron-doped
graphene than that on graphene. Rotating disk electrode (RDE) measurements indicated
that PN-BG showed higher current density than PN-G catalyst due to the larger amount of
Ns™ on BG. Compared to commercial Pt/C catalyst, PN-B1G has much better methanol
tolerance. Kinetic study was further carried to investigate the ORR pathway. Natural
bonding orbital (NBO) analysis confirmed the mechanism. This work provides a facile
strategy to modify graphene structure and efficiently stabilize Ng” on graphene based matrix.
Keywords: Polynitrogen, boron, doped graphene, metal free catalyst, oxygen reduction

reaction

1. Introduction



Polynitrogen compounds have attracted considerable attention due to their potential use as
a high-energy density material (HEDMs) while decomposing into an inert gas, N, that is
friendly to the environment with a large amount of energy released!™. Although many

possible stable structures have been predicted by calculations *

, few reports on
experimental detection of PN have been published. They are either short-lived or
synthesized under harsh conditions °>”. Abou-Rachid et al. theoretically demonstrated that
a polymeric nitrogen chain Ng could be encapsulated in a carbon nanotube under ambient
conditions by a charge transfer interactions between nitrogen chain and carbon nanotube ®
°. In addition, Hirshberg et al. used electronic structure calculations predicting a stable
molecular crystalline of N that is more stable than other N, polynitrogen species '°. Later
on, for the first time, our group experimentally synthesized Ng polynitrogen phase (PN)
stabilized on positively charged sidewalls of multi-walled carbon nanotube (MWNT) under
ambient condition using cyclic voltammetry (CV) approach, which confirmed the
calculated results. The synthesized PN was further used as catalyst for oxygen reduction
reaction (ORR), which demonstrated superior activity '!. Most recently, ab initio DFT
calculations indicate that polynitrogen would be also confined in boron nitride nanotube
BNNT(5,5), a multilayer BN matrix, and graphene sheets at ambient conditions, owing to
the charge transfer from hosting materials to polymeric nitrogen >4, Similar simulation
results were also reported by Abou-Rachid et al., where polynitrogen chains Ng could be
intercalated in multiple graphene layers and remained stable at ambient pressure. Since
graphite structure does not involve geometric parameters, such as radius and chirality in

carbon nanotubes, graphene based matrix may be a promising support to stabilize the

polynitrogen by charge transfer from graphene matrix to nitrogen chain '°. It inspires us to



synthesize polynitrogen Ng (PN) on graphene based matrix at ambient conditions with
cyclic voltammetry (CV) approach.

Graphene, as a two dimensional graphitic material, will facilitate electron transport, and
make it an attractive support for electrochemical applications '*2°. Especially, heteroatom
doping would modify surface structure and electronic properties, which will directly
enhance its electrocatalytic activity and stability of catalyst nanoparticles >!-?%. Boron atoms,
possessing a similar atomic size as carbon and three valence electrons for binding with
carbon atoms, could be introduced into the carbon lattice by substitutional doping > 2>’
In B-doped graphene, electron transfer happened from boron to carbon due to the lower
electronegativity of B (2.04) than C (2.55). This will result into a generation of partial
positive charge on B atom and lead to more facile electron transfer, which will become the
active centers for the stabilization of polynitrogen Ns™ (PN) chain !!.

In this work, polynitrogen Ng~ deposited on graphene (PN-G), boron-doped graphene
(PN-BG) were harvested using cyclic voltammetry (CV) method. Graphene and boron
doped graphene with tunable boron content of 1.23-2.78 atom% were used as the substrates,
which were prepared by a facile hydrothermal method. The PN samples were further tested
as cathode catalysts for oxygen reduction reaction (ORR) in alkaline solution. The optimal

PN-BG catalyst showed high activity via a four-electron pathway, making it a promising

candidate as ORR electrode material.

2. Experimental section
2.1.1 Preparation of graphene and boron-doped graphene. Graphite oxide was

synthesized from graphite powder following a modified Hummers method according to



previously reported work 2. Then it was dispersed into deionized water and sonicated for
30 min to exfoliate oxidized graphite particles to graphene oxide (GO) colloid solution.
Boron-doped graphene (BG) was synthesized via hydrothermal method in the presence
of NaBH4 %°. Briefly, a 20 mL of NaBH4 aqueous was gradually added into the 100 mL of
prepared GO colloid solution then the mixture solution was thoroughly stirred for 30 min
at room temperature. Boron content was controlled by adjusting mass ratio of
Boron/(Boron+Carbon) (2.5, 5, 20%). After that, the solution was transferred into a 200
mL Teflon-lined stainless steel autoclave for hydrothermal treatment at 180 °C for 16 h
and then cooled to room temperature naturally. The precipitate was separated by
centrifugation and washed several times with deionized water and absolute ethanol,
respectively. Obtained BGs were dried in a vacuum oven at 60 °C overnight. Herein, three
BG samples with boron content of 1.23, 2.01, and 2.87 at%, as determined by X-ray
photoelectron spectroscopy (XPS), were denoted as BiG, B2G, and B3G, respectively
(Table 1). For comparison, reduced graphene oxide (rGO, graphene) was synthesized under
the same hydrothermal condition in the absence of NaBH4 and was denoted as G. Round-
shaped BG (or graphene) sheets were fabricated by vacuum filtration of BG (or G) colloid
dispersion with DMF as solvent and further used to synthesize PN-BG (or PN-G) sheet.
2.1.2 Preparation of PN electrode. Polynitrogen Ng  electrode synthesis was
performed by CV treatment with a three-electrode setup followed our previous work '!
except using BG (or graphene) as substrates. BG (or graphene) ink was prepared with 10
mg BG (or graphene) powder ultrasonically dispersed into SmL DMF containing a Nafion
solution (0.5 wt%, DuPont). SuL of the ink was coated onto the surface of a pre-polished

glassy carbon electrode (GCE, 3.0 mm) denoted as BG-GCE (or G-GCE) and dried in air.



Then GCE was dipped in 40mL 2M NaNj3 (Aldrich)-buffer solution (PH=4.0), which was
used as the working electrode. Pt and Ag/AgCl were used as counter and reference
electrode, respectively. Herein, the different boron doping content samples are denoted as
PN-BiG, PN- B:G, and PN-B3G respectively. The resulting PN-BG-GCE and PN-G-GCE

electrodes were dried in air and used as the working electrodes for ORR test.

PN-BG (or PN-G) sheet were prepared under the same electrochemical conditions using
round-shaped BG (or graphene) sheets as working electrode to produce large amount of
PN sheet samples for following characterizations.

2.2. Characterization. X-ray photoelectron spectroscopy (XPS) measurements were
performed on a Kratos Axis Ultra DLD multitechnique XPS. The binding energy for all
samples was calibrated by reference Cls binding energy (284.8 eV). Raman spectroscopy
was performed with a Thermo Scientific DXR Raman microscope. SEM was performed
on a Hitachi S-3400N scanning electron microscope and TEM was performed on a Hitachi
H7500 TEM. FTIR was carried out using a Nicolet ThermoElectron FTIR spectrometer
combined with a MIRacle ATR platform assembly and a ZnSe plate, and denoted as ATR-
FTIR. The specific surface areas of the graphene and BG were determined by N>
adsorption/desorption at liquid nitrogen temperature using an AutoChem 2920 II
(Micromeritics). Temperature programmed decomposition (TPD) was carried out using the
AutoChem II 2920 system. Samples were heated in flowing helium from room temperature
to 850 °C at a heating rate of 10 °C /min. The released species were monitored with an on-
line mass spectrometer (QMS 200, Stanford Research Systems).

2.3. Electrochemical measurements. The electrochemical tests were carried out in a

rotating disk electrode (RDE) setup (ALS Co., Ltd) using linear sweep voltammetry (LSV)



measurements. For LSV measurements, the scanning rate is SmV/s with various rotating
speeds. PN-G-GCE and PN-BG-GCE electrodes were dried in air and used as working
electrode directly. Pt and Ag/AgCl were used as the counter electrode and reference
electrode, respectively. 0.1M KOH solution was used as electrolyte. Prior to the
experiments, oxygen or nitrogen was bubbled into the electrolyte for at least 30 minutes
until saturated; during the experiments, oxygen or nitrogen was flowed over the electrolyte

to maintain saturation.

3. Results and discussion

3.1. Characterization of BG. The boron content and boron-bonding configuration in
the graphene matrix were confirmed by XPS. The atomic percentages of boron in three
boron-doped graphene samples (B1G, B>G and B3G) were 1.23%, 2.01%, and 2.87%,
respectively (Table 1). The boron doping content increased as the initial mass ration of

NaBHj4 to GO dispersion increased.



Table 1. Parameters derived from XPS, BET, and Raman spectra measurements

Boron content measured by

Sample Mass ratio of XPS BET Raman
boron /Carbon B (wt.%) (m?/g) T
Graphene 0 - 150.5 1.19
B:G 2.5 1.23 131.1 1.26
B.G 5 2.01 108.3 1.35
BsG 20 2.78 72.8 1.48

The high-resolution XPS spectra of Bls, Cls for BG samples were performed and
displayed in Figure 1 (The sample B1G was taken as an example.). The higher B1s binding
energy (192.1 eV) of B1G, compared with that of pure boron (187.0 eV), suggesting that
the boron atoms partially bonded to carbon atoms in sp>-C network 2'. Moreover, the Bls
peak could be fitted into two peaks at 192.0 eV and 192.4 eV, corresponding to BC>O and
BCOz, respectively. The presence of BC,O and BCO: bonds indicated boron atoms to
replace carbon ones within graphene network and boron atoms doped at the defect sites,
respectively. In addition, two new peaks at 284.7 eV and 286.6 eV were observed on the
Cls spectrum of B1G with comparison of graphene, which could be attributed to the

30,31 "respectively, indicating that boron atoms were bonded to

presence of C-B; and C-B:
carbon atoms in two types, which was in good agreement with the results of Bls. All of

the above results demonstrated that boron atoms were successfully doped into the graphene

matrix during the hydrothermal process.



Figure 1. (a) B1s XPS spectra for boron-doped graphene; (b) C1s XPS spectra for graphene
and boron-doped graphene.

Raman spectroscopy was carried out to characterize the quality of boron-doped
graphene samples. The results were displayed in Figure 2. Two typical peaks, the D-band
at ~ 1340 cm™ and G-band at ~1570 cm™!, were observed on all samples. The D-band
(disordered band) indicated the structure defects while the G band was attributed to the Eog
phonon of sp>-bonded graphitic carbons. The intensity ratio between the D and G bands
(In/Ig) was commonly used to evaluate the defect level in graphene ** 3. As can be seen
from Table 1, BG samples had larger Ip/Ig values (1.26-1.48) than that of graphene (1.19),
indicating that the BGs possess many more defects than the graphene prepared under
similar hydrothermal conditions due to boron doping. Furthermore, the increase of Ip/lg
ratio with the boron addition increase may suggest an increase in structural defects due to
more boron doping into the graphene matrix in consideration of the same hydrothermal

condition used.



Figure 2. Raman spectra for graphene and boron-doped graphene.

The BET surface area data of different samples were also listed in Table 1. Graphene
had a BET surface area of 150.6 m?/g, which is much lower than the theoretical value. It
could be attributed to the random agglomeration or restacking of the graphene layers during
hydrothermal process **. The BET surface areas of BiG, B>G and B3G were observed to be
131.1,108.3, and 72.8m*/g, respectively, suggesting that surface area of BG decreased with
the increase of B content. In the case of high B content graphene, the introduction of B into
the graphene network resulted in the recombination of some graphene layers comparing to
the low boron content graphene case, and consequently decreased the BET surface area.

The morphology of graphene and BG were characterized by SEM and TEM. Similar to
typical graphene structures (Figure S1(a) and (b)), BiG nanosheets were randomly and
loosely stacked together displaying white fungus structure (Figure 3(a)). Its TEM image
(Figure 3(b)) showed the wrinkled graphene sheet with a low contrast under electron beam,
indicating a small thickness of B1G. BiG with low boron doping content could well

maintain graphene morphology. In contrast, B3G nanosheets with high boron doping
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content were compactly stacked together (Figure S1(c)) and their TEM images exhibited
fragile and thick layers of graphene sheet (Figure S1(d)). It suggests that excessive amount
of boron doping would destroy graphene structure, which may lead to the decrease of
surface area and then disable the advantage of being a catalyst support. These structural

images are consistent with aforementioned BET surface area data.

Figure 3. (a) SEM (b) TEM images of Bi1G.
3.2. Characterization of PN-BG. The formation of PN on BG and graphene sheet after

CV synthesis was confirmed by ATR-FTIR as shown in Figure 4a. The clear line at ~2050

1 1

cm’! was the characteristic peak of Ns™ !!, suggesting that polynitrogen chain Ng~ was
synthesized successfully. Moreover, the peak intensity, which corresponded to the
synthesized Ng~ amount, followed the trend PN-B|G > PN-B>G > PN-G > PN-B3G. The

! was assigned to the azide ion asymmetric stretching mode from

line near 2100 cm”
unreacted sodium azide !!. The peak intensity, which corresponded to the residual N
amount, followed the trend PN-B3G > PN-G > PN-B>G > PN-B;G. The lines around 1560

cm’!, 1390 cm™ and 1200 cm™! can be attributed to C=C of the graphene skeleton, C-OH
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and epoxy C-O stretching vibrations respectively 37, The lines around 1640 cm™ and

3300 cm’! were from residual water trapped in graphene sheet '.

Figure 4. Characterization of PN-BG. (a) ATR-FTIR spectra. The graphene (boron-doped
graphene) background was subtracted from the sample. (b) N'* signal from TPD scans. The
curves were normalized by sample weight.

To investigate thermal stability of PN samples, TPD was carried out over different
samples as shown in Figure 4b. The TPD scans showed that polynitrogen species Ng™ on
graphene and BG substrates were thermally stable with decomposition temperature of 400
- 420 °C. Moreover, desorption amount of nitrogen (Table 2) suggested that more Ng~ was
synthesized on B1G, while less Ng~ was observed on B3G with trend of PN-B1G > PN-B>G >
PN-G > PN-BsG. Interestingly, two nitrogen desorption peaks were detected over PN-B3G
sample. The higher one corresponds to Ng™ stabilized on B3G while the lower one can be
attributed to azide deposited on B3G. It was consistent with FTIR results, indicating that
synthesis amount of Ng~ could be enhanced with the introduction of boron atoms in
graphene network. Possibly, boron doping increased the electronegativity of carbon by

electron clouds shifting from boron to carbon, which enhanced the charge transfer ability
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from BG to the nitrogen chain and resulted into producing more PN on BG. However, in
case of an excessive amount of boron doping, impurity scattering in the graphene lattice

38,39 which showed

became more important. It led to the decrease in the conductivity
negative effects on the production of PN from azide during the electrochemical oxidation
process '!. Therefore, less Ns™ produced and more N3~ would be residual on B3G, which can
be attributed to the too high boron doping content. Another reasonable explanation was
from the different surface area of BG samples demonstrated by the BET, SEM and TEM.
The active sites to stabilize PN chain were wrapped inside the graphene layers over B3G
sample with excessive boron content, which became inaccessible for PN stabilization. As
a result, it led to lower amount of Ng™ synthesized. In contrast, the high surface area of B1G

exposed more active sites for PN chain stabilization, leading to a higher amount of Ng".

Table 2. Nitrogen desorption amount (mmol/grams of sample).

Entry Sample Nitrogen desorption amount®
1 PN-G sheet 1.00
2 PN-B1G sheet 1.35
3 PN-B2G sheet 1.11
4 PN-B3;G sheet 0.88

2 calculated by integration of the TPD results and comparing the peak areas with those from injection of pure
nitrogen under the same experiment conditions.

3.3. Electrocatalytic performance. To investigate the electrocatalytic performance of
PN-G and PN-BG electrode, LSV was measured in an O;-saturated 0.1 M KOH electrolyte
using a rotating disk electrode (RDE) at a scan rate of SmVs™!. The ORR polarization curves
at different rotating speeds were shown in Figure 5a and Figure S2a-c. As expected, the

catalytic current density of all samples increased with increasing the electrode rotating
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speed due to the enhanced diffusion of electrolytes ** 4!, Moreover, the current density
followed the trend of PN-B1G-GCE > PN- B,G -GCE > PN-G-GCE > PN-B3G-GCE at a
certain potential (Figure 5c). This current density sequence was consistent with that of N
amounts observed in FTIR and TPD. It prompted us to establish the relationship between
ORR activity and the amount of Ng” formed on graphene and BG substrates, which is
consistent with our previous study. It proved that the larger amount of Ng~ deposited
uniformly on MWNT substrate the more accessible active sites the PN-MWNT electrode
could provide for dissolved oxygen to be reduced, leading to the electrocatalytic activity
enhancement !!.

Kinetics of the ORR process was evaluated by the Koutecky-Levich (K-L) equation as

following ** 4.

1

1 1 1 1
7 T oot Q)
J J, J, Bo J,
B=0.62nFC,(D,)* v™"* 2)

Where J 1s the measured current density, Jx and Jy are the kinetic and diffusion limiting
current density, respectively. B is the Levich constant, n is the number of electrons
transferred per oxygen molecule in the reaction, F is the Faraday constant (F=96485C cm”
1, Co is the bulk concentration of Oz (Co=1.2x10mol L), D, is the diffusion coefficient
of 02 (De=1.9x10°cm ™), V is the kinematic viscosity of the electrolyte (¥ =0.01cm? s™),
@ js the angular velocity (rad s). The Koutecky-Levich plots of 1/J vs. 1/@* for all four
samples were shown in Figure 5b and Figure S3a-c. The fitting lines for all samples were
well-linear and parallel, which indicated a first-order reaction toward dissolved oxygen **
45, Moreover, the electron transfer number n of different catalysts obtained from slopes of

K-L plots were presented in Figure 5d. The n value at the PN-G-GCE electrode was derived
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to be 3.7-3.8, which indicated that it was through a four-electron process over Ng~ *># The
similar n values (3.8-4.0, and 3.8-3.9) were achieved on PN-B1G-GCE and PN-B.G-GCE
electrodes, respectively, which suggested that the pathways of both samples were also
through a dominant four-electron process. However, the n value for PN-B3G-GCE was 3.3-
3.5, a number between two-electron and four-electron reduction processes, which
suggested that the reaction may proceed by a coexisting pathway involving both the two-
electron and four-electron transfers . It can be attributed to the co-existence of N3~ and
Ns™ on PN-B3G-GCE, ORR was a two-electron pathway on N3~ (as discussed in following
section) while followed a four-electron mechanism on Ng™. To confirm the hypothesis, the
electrocatalytic performance of several reference samples were further tested and
illustrated in Figure S4a and S4b. Figure S4a showed an increased reduction current density
in the order of PN-B|G-GCE > PN- G-GCE > B1G-GCE > NaN3-B|G-GCE > G-GCE.
Clearly, the combination of PN and BG greatly enhanced the ORR performance. Moreover,
electron transferred numbers (Figure S4b) of G-GCE, NaN3-B;G-GCE and B1G-GCE were
found to be 2.5-2.9, 2.6-3.0, and 3.4-3.7, respectively, in the potential range of -0.6V~-

0.8V, which indicated the two-electron pathway over N3".
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Figure 5. Electrocatalytic performance of PN-G and PN-BG samples. (a) LSV curves of
PN-B1G-GCE in an Oxygen-saturated 0.1 M KOH solution with different rotation speeds
at scan rate of 5 mV/s. (b) K-L plots of PN-B1G-GCE at different potentials. (¢) LSV curves

of PN-G-GCE, PN-B1G-GCE, PN-B2G-GCE, PN-B3G-GCE and Pt/C (10% platinum on

Vulcan XC-72) in an Oxygen-saturated 0.1 M KOH solution with a rotation speed of 1500
rpm at scan rate of 5 mV/s. (d) Electron transfer number n of PN-G-GCE, PN-B1G-GCE,
PN-B2G-GCE, PN-B3G-GCE and Pt/C (10% platinum on Vulcan XC-72) calculated from
K-L equation.

The long-term stability of PN-B1G and Pt/C catalysts were evaluated using a

chronoamperometric method (Figure 6a). After 8000 s of reaction, the reduction current of
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PN-BG exhibited a negligible decrease of ~1.5%, which is much better than that of the
Pt/C catalyst (~14%).

For potential use in direct methanol fuel cells, methanol crossover effect of
electrocatalyst should be tested. Herein, methanol tolerance abilities of PN-B1G and Pt/C
were investigated by injecting 0.5M methanol into an oxygen-saturated 0.1 M KOH
solution during a chronoamperometric measurement. The results showed that reduction
current of PN-B1G didn’t obviously decrease after the addition of 0.5M methanol, whereas
the current from the commercial Pt/C decreased sharply (Figure 6b). This indicated that

the methanol tolerance of PN-B1G is superior to that of Pt/C.

Figure 6. (a) Chronoamperometric curves of PN-B1G and Pt/C in an Oxygen-saturated
0.1 M KOH solution with a rotation speed of 1500 rpm for 8000 s.
(b) Chronoamperometric curves of PN-B1G and Pt/C in an Oxygen-saturated 0.1 M KOH
solution with a rotation speed of 1500 rpm via the addition of 0.5M methanol was around
180s.

To clarify the oxygen reduction mechanism of PN over graphene and BG matrix, natural
bonding orbital (NBO) analysis !! was applied to investigate the chemisorption mode of
O,. Hirshberg et al. predicted that solid Ng molecular crystal with chain structure is more

17



stable than other N, polynitrogen based on DFT theoretical calculation '°. Our previous
study ! further calculated the partial charge distribution on chain structure Ns~ species by
NBO analysis. Based on the calculation results, the most active sites were N1 and N2
locating in the center of the chain with adjacent position because both had more negative
charges than other nitrogen atoms (See Figure S5) where oxygen would tend to bondwith
the electrons of N1 and N2 ' #if the steric effect does not overrule the extra amount of
negative charges, which will be clarified in our future work. Furthermore, the existence of
the two adjacent active sites made it reasonable to propose that parallel diatomic adsorption
(side-on adsorption, Yeager model *®) onto Ns” would serve as the dominant chemisorption
mode of Oz during ORR. Thus, the O-O bonding would be effectively weakened and easily
broken by this side-on adsorption *°, which represented four-electron transfer pathway in
ORR %35!, Therefore, four-electron transfer pathway was observed in above kinetic study
over Ng. On the other hand, N3™ is a linear centrosymmetric anion with two end nitrogen

atoms having more negative charges % %

, where the single site adsorption occurred and
the ruling chemisorption mode of O> would be the end-on adsorption (Pauling model *%).
It would lead to a two-electron transfer pathway during ORR % 3!, which is supported by
the above kinetic study. The investigation of O2 chemisorption mode on both Ng™ and N3
further confirmed the conclusion of the aforementioned kinetic study. The mechanism for

oxygen reduction on N3~ and Ng based on different O, chemisorption mode were illustrated

in Figure 7.
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Figure 7. Schematic mechanism of high activity for ORR on N3~ and Ng™ based on different
O> chemisorption mode

4. Conclusion

Polynitrogen Ng” (PN) deposited on boron-doped graphene (PN-BG) and graphene (PN-G)
was synthesized experimentally for the first time by the cyclic voltammetry (CV) method
under ambient condition. Boron-doped graphene (BG) were prepared by a facile
hydrothermal method with the mixture of graphene oxide and NaBH4. Compared to the
graphene matrix, a larger amount of Ng~ was prepared on B1G matrix. It was attributed to
the boron doping, which enhanced the charge transfer ability from BG to PN chain resulting
into producing more PN on BG. PN-BG and PN-G were further used as electrode catalysts
for ORR, while the optimal former one (B1G) showed the highest activity. It was ascribed
to the larger amount of Ng~ observed on B1G, which provided more active sites for ORR.
Kinetic study revealed that it was through a four-electron process over Ng™. It was further

confirmed by O chemisorption mode analysis, where the parallel diatomic adsorption
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(side-on adsorption, Yeager model) was proposed. This work provides a facile strategy to
modify graphene structure and efficiently stabilizes Ng~ on graphene based matrix for the

first time.
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